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a  b  s  t  r  a  c  t
The  northern  Adriatic  Sea,  a marginal  sea of  the  Mediterranean,  is both  a highly  productive  shelf  area
and  a  dense  water  formation  site.  The  combination  of  productivity  and dense  water  formation  on  the
shelf  (i.e.,  the continental  shelf  carbon  pump  process)  enhances  the  vertical  transport  of  carbon  into
the  interior  of the  Mediterranean  Sea  contributing  to  the  atmospheric  CO2 sequestration.  In  this  study,
the  carbon  air–sea  exchange  and  the  continental  shelf  pump  process  are  investigated  by coupling  the
Massachusetts  Institute  of Technology  general  circulation  model  (MITgcm)  with  a biogeochemical  model
(AdriBio)  that  includes  a carbonate  dynamics  module.  The  results  of the  numerical  simulations  show  that
the northern  Adriatic  Sea  is  currently  a  CO2 sink,  with  an  annual  ﬂux  of  approximately  2.9 mmol/m2/d.
The  carbon  cycle  on the  continental  shelf  is  the  result  of a complex  interaction  of several  processes
that  induce  signiﬁcant  temporal  and  spatial  variability  in  CO2 ﬂuxes  and  transport.  Simulation  results
show  that  winter  cooling  affects  the solubility  of  CO2 on a basin-wide  scale  and  governs  the  intensity
of  the  vertical  transport  of  carbon  out of the  shelf  by  modulating  both  the  properties  and  the volume
of  the  newly  formed  dense  water  masses.  In warm  winter  conditions,  the  mitigation  of  the  solubility
pump  process  and  the  reduced  dense  water  formation  result  in  a signiﬁcant  decrease  in atmospheric  CO2
sequestration  and  deep-carbon  transport  with respect  to the  reference  condition.  Biological  processes
(i.e.,  net  primary  production  and  sink  of particulate  matter)  contribute  up  to more  than  half  of  the  CO2
air–sea  ﬂux,  but  they  must  be  spatially  synchronized  with  the dense  water  formation  to  maximize  the
efﬁciency  of the  carbon  transport  into  the deepest  layers  of the  Adriatic  Sea.  Finally,  the  terrestrial  input
of  dissolved  inorganic  carbon  and  alkalinity  and  the  exchanges  across  the  Otranto  Strait  can  affect  the
carbonate  system  equilibrium  in the  area  – hence  the magnitude  of  the  air–sea  CO2 exchange  –  but  have
little  impact  on  the  deep-carbon  transport.
ublis© 2015  The  Authors.  P
. Introduction
Marginal seas play an important role in the air–sea CO2
xchange because of their intense biological activity (20% of the
cean’s primary production occurs in the continental margins;
ollast, 1998) and their peculiar hydrodynamic features. Active
ransport processes (e.g., dense water formation and spreading)
nhance the vertical transport of carbon out of the continental mar-
ins and into the deep layers of the oceans (Carlson et al., 2001),
reventing the escape of CO2 back into the atmosphere.
On a global scale, if we neglect the role of estuarine systems,
ontinental shelves are a net sink of CO2 (0.25 PgC/y; Bauer et al.,
013), constituting more than 10% of the overall world ocean car-
on sink (2.3 PgC/y; Le Quéré et al., 2009). However, global carbon
∗ Corresponding author. Tel.: +39 0402140624.
E-mail address: gcossarini@ogs.trieste.it (G. Cossarini).
ttp://dx.doi.org/10.1016/j.ecolmodel.2015.07.024
304-3800/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).hed  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
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sink estimations are affected by the uncertainty resulting from the
different upscaling methods adopted and from the paucity of data
available on coastal and shelf systems (e.g., 0.45 PgC/y, Borges et al.,
2005; 0.22 PgC/y, Cai et al., 2006; 0.33–0.36 PgC/y, Chen and Borges,
2009). CO2 ﬂux estimates for temperate systems in published com-
pilations also show a sizable variability due to local peculiarities
(Borges et al., 2005; Cai et al., 2006). The assessment of the contri-
bution of marginal seas to the global CO2 budget is typically based
either on extrapolations derived from carbon ﬂuxes computed over
only a few seas, or on global estimates that describe marginal seas
with inadequate spatial and temporal resolution. The extrapolation
of ﬂuxes from spatially and temporally limited datasets for systems
generally characterized by intrinsically high spatial and temporal
variability may  cause large uncertainties in estimating the role of
marginal seas in the global carbon budget (Hofmann et al., 2011).
Local studies investigating the mechanisms driving carbon
sequestration in marginal seas, as well as estimating carbon ﬂuxes
at the regional scale, can be important contributions to global
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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arbon budget computations (Artioli et al., 2012; Borges et al., 2006;
ennel and Wilkin, 2009; Liu et al., 2000; Prowe et al., 2010; Turi
t al., 2014). In this study, we investigate the continental shelf car-
on pump process and we quantify the CO2 ﬂuxes in the northern
art of the Adriatic Sea, a marginal sub-basin of the Mediterranean
ea, by adopting a coupled hydrodynamic–biogeochemical model.
The Adriatic Sea (AS) is characterized by an elongated shape
approximately 800 by 200 km), with a shallow continental shelf
n the northern part and a deep pit (approximately 1200 m deep)
n the southern part, where the Otranto Strait connects the AS to
he Mediterranean Sea (Fig. 1). The Po River, together with sev-
ral other rivers located along the northwestern coast, is the major
ource of freshwater and nutrients of the AS (Cozzi and Giani, 2011).
utrient input from rivers sustains a signiﬁcant autotrophic pro-
uction, which makes the northern Adriatic Sea (NAS) one of the
ost productive areas of the Mediterranean Sea. Productivity is
ainly conﬁned to the western part, where the river input gener-
tes the density and trophic frontal system known as the Western
driatic Current (WAC). Furthermore, the NAS is a site of intense
ense water formation, which then spreads down to its deepest
outhern part and eventually outﬂows into the Mediterranean Sea
eep layers (Gacˇic´ et al., 2001). These characteristics make the AS an
ig. 1. Coastal and bathymetric map  of the Adriatic Sea (model domain). The location of th
ivers  (pinpointed by the arrows), the zonal sections NN (Lat. 43.8◦N) and CC (Lat. 42.9◦N, 
he  area under investigation (northern Adriatic Sea) is delimited by the black dashed recelling 314 (2015) 118–134 119
excellent site in which to analyze how the biological pump (trans-
formation of carbon from the inorganic to the organic form) and the
physical pump (dissolution and downward transport of carbon-rich
water masses off the shelf) interact to sequester atmospheric CO2
(Tsunogai et al., 1999).
Because of its socio-economical relevance, the AS has been the
subject of many large-scale studies, targeting its physical (Gacˇic´
et al., 2001; Querin et al., 2013) and biogeochemical (Degobbis
et al., 2000; Giani et al., 2005, 2012; Mangoni et al., 2008; Mozeticˇ
et al., 2009; Solidoro et al., 2009; Zavatarelli et al., 1998) properties.
However, the limited observations available on the carbon system
variables and processes do not exhaustively address the spatial and
temporal variability of the AS and its role in the Mediterranean
carbon cycle (Luchetta et al., 2010; Turk et al., 2010). Recently, new
insights on the carbon cycle in the AS have been derived from exper-
imental data and a budget analysis (Catalano et al., 2014), but this
study considers only winter conditions. Durrieu de Madron et al.
(2010), in the framework of a quantiﬁcation of the carbon budget
of the Mediterranean Sea and its subbasins, provide a partial single-
box estimate of the carbon cycle in the AS. An estimate of the CO2
exchange for the Mediterranean Sea has also been derived from
satellite data (d’Ortenzio et al., 2008), but this study is based on
e Otranto Strait (southern boundary of the model), the mouth of the major northern
black dashed lines) and the position of four stations (stars: a, b, c, d) are also shown.
tangle.
120 G. Cossarini et al. / Ecological Modelling 314 (2015) 118–134
Fig. 2. Graphic outline of the coupled MITgcm-AdriBio model. The MITgcm scheme reports the physical variables exchanged between its sub-modules (grey boxes) and
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phen  supplied to the biogeochemical model. The AdriBio scheme reports the biogeo
odule  (dashed box) and its relationships (dashed lines).
 relatively coarse resolution (0.5◦ × 0.5◦) dataset and covers only
he southern part of the AS.
Previous modelling studies on the biogeochemistry of the AS
ere mainly focused on the temporal and spatial decoupling
etween nutrient cycles and the production, accumulation and con-
umption of organic matter (Polimene et al., 2007). Spillman et al.
2007) highlighted the effect of the various forcing mechanisms
e.g., the Po River ﬂow, local wind and temperature) in shaping the
rophic status patterns of the northwestern AS. However, numerical
tudies addressing the connection between the carbon pump and
he formation and spreading of dense water, as well as the overall
arbon budget of the AS, are lacking.
This study aims to investigate and quantify the spatial and tem-
oral variability of the air–sea CO2 ﬂuxes in the northern Adriatic
ea and the mechanisms (i.e., carbon cycle and dense water trans-
ort) that drive the continental shelf pump process. We  tested
nd veriﬁed the hypothesis according to which winter climatic
onditions control the dense water transport and ultimately mod-
late the efﬁciency of the carbon continental shelf pump. We
lso assessed the impacts of the main sources of uncertainty (i.e.,
oundary conditions and the biological component) for the carbon
equestration estimates. We  focused on the year 2008, which was
haracterized by normal (in terms of atmospheric properties and
ir–sea heat ﬂuxes) winter conditions and signiﬁcant winter dense
ater production, spreading and sinking in the southern Adriatic
it (Bensi et al., 2013; Querin et al., 2013).
The paper is organized as follows. In Section 2 we describe the
odel and the conﬁguration of the simulations. Additional details
n the model formulation and on the validation of the simulations
re given in the Appendixes. In Section 3 relevant hydrodynamic
nd biogeochemical processes are presented along with the carbon
udget and the CO2 air–sea exchange, followed by an analysis of
he mechanism and drivers of the continental shelf carbon pump.
 critical discussion of the results and the conclusions close the
aper.ical variables (solid boxes), their relationships (solid arrows), the carbonate system
2. Materials and methods
2.1. Model description
The three-dimensional model consists of a coupled hydro-
dynamic and biogeochemical model (Fig. 2). The hydrodynamic
model is based on the Adriatic Sea implementation (Querin
et al., 2013) of the Massachusetts Institute of Technology general
circulation model (MITgcm, Marshall et al., 1997), while the biogeo-
chemical model has been speciﬁcally developed for the Adriatic Sea
(AdriBio, Cossarini and Solidoro, 2008).
The coupled model describes the time evolution of 12 biogeo-
chemical state variables according to the following equation:
∂C
∂t
= −U∇(C) + ∇h(Kh + ∇h(C)) ∂∂z
(
Kv
∂C
∂z
)
+ ws ∂V
∂z
+ ∂C
∂t
∣∣∣∣
bio
(1)
where C is a generic biogeochemical variable (see solid black boxes
in Fig. 2), U is the velocity ﬁeld, Kh and Kv are the horizontal and
vertical diffusivities and ws is the sinking velocity. The ﬁrst three
terms on the right hand side of Eq. (1) represent the transport pro-
cesses (advection and horizontal and vertical diffusion), the fourth
represents the sinking of phytoplankton and detritus groups, while
the last term describes the chemical reactions and the biological
relationships among the biogeochemical functional groups.
2.1.1. Hydrodynamic and transport model
The hydrodynamic model is a customization of the MITgcm,
which is a state-of-the-art, general circulation model widely used
in numerical oceanography.The MITgcm computational domain is based on a three-
dimensional, ﬁnite-volume spatial grid with z-levels. We  also
adopted partial cells for obtaining a more accurate discretization
of the seaﬂoor.
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The semi-implicit main algorithm of the model solves the non-
ydrostatic, Navier–Stokes equations, adopting an implicit linear
ormulation of the free surface. The fully implicit barotropic time
tepping for the free surface is unconditionally stable. Vertical diffu-
ion and viscosity terms in the horizontal momentum equations are
lso treated implicitly in time, and they are solved using a backward
ethod.
The time discretization of the terms evaluated explicitly is done
sing the third order Adams–Bashforth method for momentum
quations and a forward-in-time method for transport equations.
he transport module (Fig. 2), solves the ﬁrst three terms of Eq.
1) (transport of generic passive tracer) and it is based on the
ative package PTRACERS (Passive TRACERS), which is included
n the MITgcm code. The transport is computed adopting a direct
pace–time discretization method for the advection–diffusion part
f the tracer equations and a nonlinear, third-order advection
cheme with a Sweby ﬂux limiter, in order to avoid spurious oscil-
ations in the model output ﬁelds.
Vertical turbulent processes (third term of Eq. (1)) are modelled
sing the K-proﬁle parameterization (KPP, Large et al., 1994).
More information on the MITgcm model can be found in
he available on-line documentation (Adcroft et al., 2014 and
itgcm.org), while further details on the hydrodynamic imple-
entation of the present simulation, including numerical methods,
losure schemes and turbulent coefﬁcients, are reported in Querin
t al. (2013).
.1.2. Biogeochemical and carbonate model
The biogeochemical model, which solves the last two terms
f Eq. (1), simulates the carbon and phosphorus cycles by means
f 12 state variables (boxes in Fig. 2). The model is designed to
onsider phosphorus as the limiting nutrient in the NAS (Mozeticˇ
t al., 2009; Solidoro et al., 2009) and to reproduce the alternating
revalence of the classic food chain over the microbial food web
s the dominant energy pathway in the marine ecosystem, as a
unction of the environmental conditions (Cushing, 1989; Legendre
nd Rassoulzadegan, 1995). Diatom (phy2) and mesozooplankton
zoo2) groups are the compartments involved in the classic food
hain, which comprises the highest rates of primary and secondary
roductivity and drives the carbon mainly towards the creation of
articulate organic carbon (POC) and phosphorus (POP) and the
xport production. In the case of more oligotrophic conditions, the
icrobial food web prevails: the interaction between small phy-
oplankton (phy1), small zooplankton (zoo1) and bacteria (bac) is
ustained via the rapid recycling of nutrients, and the carbon cycle
nvolves mainly dissolved organic carbon (DOC) and phosphorus
DOP). Carbon and phosphorus dynamics in the particulate and
issolved organic compartments are uncoupled.
The model simulates only the labile part of DOC, which repre-
ents approximately 10–30% of the DOC concentration in the study
rea (Cossarini et al., 2012). Sinking is active only for phytoplank-
on groups and particulate organic matter: the latter reaches the
ottom layer and accumulates in the upper sediment, where it is
emineralized and partly buried. Sediment remineralization, which
roduces dissolved organic carbon and phosphorus, is described by
 ﬁrst order kinetic equation of the sunk particulate organic mate-
ial. The dissolved organic pools are then consumed and respired
y bacteria, releasing dissolved inorganic phosphorus (DIP) and
arbon (DIC). Water column respiration of phytoplankton and
ooplankton groups and photosynthesis are the other production
nd consumption terms in the equation of DIC. The CO2 air–sea
xchange, which impacts the concentration of DIC in the surface
ayer, is computed by the carbonate module (dashed box in Fig. 2),
hich consists of the OCMIP II model (Orr et al., 1999) and requires
lkalinity (Alk) as an additional variable. The rate of change of alka-
inity accounts for the uptake of nutrient ions by biological cellselling 314 (2015) 118–134 121
(Wolf-Gladrow et al., 2007). A thorough description of the bio-
geochemical model along with the biogeochemical equations and
parameter values are reported by Cossarini and Solidoro (2008),
while the formulation of the new variables DIC and Alk is given in
Appendix A.
2.1.3. Coupled model
The coupling is based on an operator splitting scheme, which
links the hydrodynamic and the biogeochemical model, adopting
the same integration time step (300 s). According to the deﬁni-
tion of such a numerical scheme (e.g., Butenschön et al., 2012), at
a given time step, the hydrodynamic model ﬁrst solves tempera-
ture (T), salinity (S), the three velocity components (u, v, w) and
the horizontal and vertical diffusivities (Kh and Kv). Then, it pro-
vides the hydrodynamic variables to the tracer transport module
(dashed arrows and grey boxes on the left of Fig. 2), which updates
the biogeochemical variables (C), taking into account also the sur-
face diffused water budget (evaporation minus precipitation minus
runoff, E–P–Rtracer), and the open boundary condition at the river
mouths and at the Otranto Strait (OBCtracer).
At this time, the biogeochemical model, which is driven by
the seawater temperature and by the photosynthetically active
radiation (PAR), computes and updates the value of the biogeo-
chemical variables, starting from the temporary solution given by
the transport model. Solar shortwave radiation (Qsw) from the
hydrodynamic model is converted into PAR by using the constant
ratio of 0.4 and the conversion factor of 4.599 Ein/m2/s (W/m2)−1.
Within the biogeochemical model, the carbonate module
(dashed grey box in Fig. 2) uses temperature, salinity, density and
the concentration of DIC, DIP and Alkalinity in the surface layer to
provide the CO2 air–sea exchanges.
2.2. Model setup
2.2.1. Control run
The area investigated in the present study covers the north-
ern part of the Adriatic Sea (from latitude 43◦N to 45.9◦N, dashed
rectangle in Fig. 1). However, the computational domain has been
extended to the whole Adriatic Sea (down to the Otranto Strait,
Fig. 1) to damp any inﬂuence originating from the southern open
boundary conditions.
The Adriatic model is nested into the Mediterranean Fore-
casting System implemented in the framework of the Copernicus
project (Copernicus-MED-MFS, http://marine.copernicus.eu). The
Copernicus-MED-MFS model is based on the hydrodynamic model
NEMO-OPA (Tonani et al., 2008) and the transport–biogeochemical
model OPATM-BFM (Lazzari et al., 2009, 2012).
The horizontal resolution of the Adriatic (nested) model is 1/32◦
(approximately 3.4 km × 2.4 km), which is double with respect
to the Copernicus-MED-MFS hydrodynamic (nesting) model. The
vertical discretization consists of 51 unequally spaced z-levels,
characterized by vertical resolution decreasing with depth (1.5 m
at the surface and 50 m in the bottom layer). We adopted the same
vertical spacing as the nesting model, except in the surface level,
which has been further subdivided into two equal parts to better
represent surface processes.
The Copernicus-MED-MFS model provides the initial conditions
(IC) and the open boundary conditions (OBC) at the Otranto Strait
for both the physical and the biogeochemical variables. Velocity,
salinity and temperature ﬁelds are supplied on a 1/16◦ horizon-
tal resolution grid and daily temporal resolution; biological and
chemical ﬁelds are supplied at 1/8◦ horizontal resolution. The ﬁelds
are linearly interpolated on the Adriatic model domain (for IC) and
along the Otranto Strait (for OBC).
IC and OBC for alkalinity are derived from the formula proposed
by Cossarini et al. (2015) starting from the salinity ﬁelds provided
1 al Modelling 314 (2015) 118–134
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Table 1
List of the scenario simulations used to test the effect of different wintertime con-
ditions and to quantify the uncertainty associated with the model setup.
Modiﬁed feature in the
model setup
Simulation ID Description
None (reference simulation) Run2008 As in model setup
description
Net  winter heat ﬂux HF+ +15% (warmer winter)
HF− −15% (colder winter)
Southern open boundary
(Otranto Strait)
OBCSalk Concentration of alkalinity
+1.0% in 0–75 m layer and
+0.5% in 75-bottom layer
OBCSdic Concentration of DIC +1.0%
in 0–75 m layer and +0.5%
in 75-bottom layer
River input RIValk +25% of Alkalinity
discharge22 G. Cossarini et al. / Ecologic
y the Mediterranean model. IC and OBC for DIC are calculated
y the CO2SYS model (Lewis & Wallace, 1998) using temperature,
alinity and alkalinity data and adopting a value of 8.1 for pHT.
Lateral boundary conditions also include the freshwater and
utrient river discharges along the Albanian, Croatian and Italian
oasts. The freshwater discharge of the 17 major rivers and the
iffuse runoff are set as in Querin et al. (2013). Discharges of bio-
ogical state variables are computed by multiplying the fresh water
ischarge by given reference concentrations. In particular, DIP, DOP
nd POP concentrations are set equal to 0.06, 0.02 and 0.05 mgP/l,
espectively, according to estimates based on the load data pub-
ished by Cozzi and Giani (2011). These values for concentrations
re consistent with the estimates proposed by Ludwig et al. (2009)
or the Mediterranean rivers.
The concentrations of carbon-related variables in river fresh-
ater are set using the data collected in a coastal area close to
he Po River mouth (Del Negro et al., 2008; Pugnetti et al., 2008;
ocal et al., 2008; Solidoro et al., 2009 and Luchetta et al., 2010)
nd then applied to all AS rivers. DIC, DOC and POC concentrations
re set equal to 2250, 100 and 100 mmolC/m3, respectively. These
ata indicate that 90% of the carbon input is in the form of dis-
olved inorganic carbon, which is similar to previous ﬁndings for
outhern European rivers (Ciais et al., 2008). The alkalinity concen-
ration is set equal to 2900 mmol/m3 according to the extrapolation
f a relationship between alkalinity and salinity (Luchetta et al.,
010) computed at the Po river mouth. This is a reasonable mean
alue considering the range of alkalinity reported for an inland
ampling point along the Po River (Rossetti et al., 2009). No atmo-
pheric deposition is considered for nutrients and carbonate system
ariables, but the evaporation minus precipitation ﬂuxes (E–P–R)
ffect the sea level height (free surface hydrodynamic model) and
herefore modify the concentrations in the uppermost level.
Model simulations cover the year 2008, starting from the IC on
ugust 2006 provided by the Copernicus-MED-MFS simulation, and
fter a spin-up run for the period 2006–2007 (Querin et al., 2013). As
egards the surface atmospheric forcing, the daily total heat ﬂuxes,
he evaporation minus precipitation ﬂuxes and the 6-h wind stress
re interpolated from the Mediterranean model results (Oddo and
uarnieri, 2011). However, given the importance of high-resolution
ind forcing in surface dynamics (e.g., small scale wind driven
irculation patterns), we also tested higher spatial and temporal
esolution (10 km,  3 h) wind data derived from the atmospheric
odel ALADIN and acting adiabatically on the sea surface (heat
nd mass ﬂuxes still derive from the Copernicus-MED-MFS model).
tmospheric pCO2 is set constant and equal to 380 ppm (Artuso
t al., 2009).
.2.2. Scenario simulations
According to our hypothesis that wintertime interannual vari-
bility modulates the efﬁciency of the continental shelf pump, we
ested whether the physical component (i.e., dense water produc-
ion and spreading) is the main mechanism by which carbon is
ffectively transported into the deepest layers of the Adriatic Sea.
herefore, a couple of scenario simulations were set to vary the win-
er cooling according to the variability of the heat ﬂuxes during the
ast two decades (Bensi et al., 2013). A 15% increase (decrease) of the
et heat ﬂuxes during the winter and the preceding autumn periods
haracterizes the colder, hereinafter HF−,  (warmer, HF+) scenario
Table 1). Furthermore, to assess how robust our results are in rela-
ion to the uncertainties and the errors intrinsic in the deﬁnition
f poorly known factors such as river loads and exchanges along
he southern open boundary, we performed additional scenario
imulations by changing these parameters (Table 1).
Given the scarcity of data of terrestrial input, the RIValk and
IVdic scenarios were set varying the discharges of alkalinity and
IC, respectively, by an amount proportional to the variability ofRIVdic +25% of DIC discharge
Biological processes NoBio Physical processes only
the fresh water annual discharge of the Po river, which is computed
as the standard deviation of a 1980–2008 annual time series. It is
assumed that the same variation can be applied to all the other
rivers.
Considering the variability of alkalinity and DIC in the Meteor84
dataset (Tanhua et al., 2012) and in climatological data of the north-
ern Ionian Sea (Cossarini et al., 2015), the OBCSalk and OBCSdic
scenarios were built by varying the concentrations of alkalinity and
DIC along the Otranto Strait by a factor of 0.5–1% (i.e., on the order
of 10–25 mol/kg for the two  variables). Because the effect of a
variation in the concentration of DIC on CO2 ﬂux has the opposite
sign with respect to a variation in the concentration of alkalin-
ity, the results of these scenarios are treated in absolute terms.
Finally, to elucidate the relative importance of biological and phys-
ical processes for carbon dynamics, a test (NoBio) was performed
considering only the physical processes, turning off the biogeo-
chemical model and tracking DIC and alkalinity changes only as
a function of transport, input from the open boundaries (rivers and
Otranto Strait) and air–sea exchanges (Melaku Canu et al., 2015).
3. Results
3.1. Physical and biogeochemical model dynamics
The results of the simulations for the most relevant variables
(surface temperature, chlorophyll-a, phosphate, primary produc-
tion, carbonate system variables) are discussed in this section, as
well as in Appendix B, where they are also compared with satellite
observations (Volpe et al., 2012), climatological datasets (Solidoro
et al., 2009; Cossarini et al., 2012) and in situ observations gathered
during February and October 2008 (Sesame project dataset, avail-
able at http://isramar.ocean.org.il/perseus data/CastMap.aspx).
3.1.1. Dense water production and sea surface temperature
The results of the simulation (control run) for the physical
variables are described in detail in Querin et al. (2013). That
study shows that in winter 2008 the ﬂow of water denser than
29.25 kg/m3 was  0.1 Sv and the volume of shelf water denser than
29.5 kg/m3 was  336 km3. The simulated dense water production is
consistent with estimates for continental shelves around the world
ocean (as shown in Querin et al., 2013) and is associated with an
autumn/winter cooling condition, which is quite close to the aver-
age weather conditions of the last two  decades (Bensi et al., 2013).
A comparison of daily sea surface temperature between model
and AVHRR satellite data is shown in Querin et al. (2013), and is
here integrated by a Taylor diagram for the autumn/winter periods
(Fig. 3). Autumn 2007 (November, N, and December, D) is also
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Fig. 3. Taylor diagram of daily sea surface temperature in the NAS, using ALADIN
wind forcing (black) and MFS  wind forcing (grey). Skill assessment indexes (normal-
ized root mean square errors – RMS  divided by standard deviation of observations –
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Fig. 4. Taylor diagram of model and satellite surface chlorophyll-a. Symbols (ini-
tials of the month, except for May, July -Jul- and August -Aug-) indicate the months
of  2008, colours report the normalized BIAS (i.e., mean of the model-observation
errors normalized by the standard deviation of observations). Model chlorophyll-a
is  derived from the carbon biomass of the two phytoplankton groups following the
formulation by Cloern et al. (1995) and averaged on the e-folding depth of PAR. Satel-nd  correlation) are computed on daily model outputs and satellite data, and aver-
ged on a monthly basis for November (N) and December (D) 2007, and January (J),
ebruary (F), March (M)  and April (A) 2008.
onsidered because the pre-conditioning cooling period is impor-
ant for winter dense water formation in the northern Adriatic Sea.
he Taylor diagram in Fig. 3 depicts the good model skill, both in
erms of normalized root mean square errors (i.e., the radial dis-
ance of symbols from the reference -Ref- point) and correlation
i.e., the angular coordinate of symbols). The diagram shows that
he use of higher resolution ALADIN wind ﬁelds performs as well
s the scenario forced by the MFS  wind forcing. However, the sim-
lation with ALADIN wind is signiﬁcantly improved in February,
ecause the better resolved wind allows a more detailed reproduc-
ion of the effects of the strong easterly Bora events (Querin et al.,
013).
.1.2. Biogeochemical dynamics
As is well documented in the literature, the NAS is charac-
erized by a eutrophic zone along the Italian coast, whereas the
entral offshore area is considered to be oligotrophic. The input
rom the Po and from the other northern rivers is the major fer-
ilization factor of the NAS, while the cyclonic circulation and the
reshwater fronts conﬁne the nutrient rich water along the western
oast (Degobbis et al., 2000; Solidoro et al., 2009; Cossarini et al.,
012). The model satisfactorily simulates the fertilization effect, as
escribed thoroughly in the model validation section (Appendix B),
nd the marked coast-to-offshore negative gradient of productiv-
ty. Simulated values of primary production, 366 and 210 mg/m2/d,
ithin the coastal strip and in the offshore areas, respectively, are
n agreement with the current literature (Giordani et al., 2002;
ugnetti et al., 2006 and references in Table B2).
Given the importance for the carbon cycle estimates of a cor-
ect representation of the spatial gradients and the evolution
f the productivity of the system, we performed a quantitative
kill assessment by comparing the simulated and the satellite
hlorophyll-a (Fig. 4 and Appendix B). The Taylor diagram in Fig. 4
hows the good model performance: the spatial correlation (i.e.,
he angular coordinate of symbols) is almost always higher than
.6, the normalized BIAS is commonly lower than 0.25 and the nor-
alized RMS  (i.e., the radial distance of symbols from the referencelite  chlorophyll-a is derived from monthly MODIS data provided by the MyOcean
system (Volpe et al., 2012). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
-Ref- point) is lower than 1 for most of the months. Winter and
spring months, the most productive period, show the highest cor-
relation and the lowest RMS  because the gradient between the
northern and western coastal areas and the open sea is satisfac-
torily reproduced by the model (see validation in Appendix B for
additional details).
3.2. Carbon budget on the continental shelf
Combining the physical and the trophic relationships described
by the model (Fig. 2), we  computed the inorganic and organic
carbon budgets using the following two equations of mass con-
servation:
∂Corg
∂t
= NPP + INCorg + TRCorg + B − R (2)
∂DIC
∂t
= −NPP + INDIC + TRDIC + R + FCO2 (3)
where Corg is the sum of the biomass of the organic carbon living
compartments (phy1, phy2, zoo1, zoo2, bac) and the organic carbon
non-living compartments (DOC and POC) and DIC is the dissolved
inorganic carbon. The terms of the equations are the transport
ﬂuxes of organic carbon and DIC (TRCorg and TRDIC), the net carbon
production (NPP, difference between the gross primary produc-
tion and the community respiration) which represents a positive
term for Corg and a negative one for DIC, and the input from rivers
(INCorg and INDIC). Sunk organic particles on the sediment can be
buried (B) or respired to DIC (R). The air–sea CO2 exchange (FCO2)
completes the budget of DIC. All the terms of the equation are verti-
cally integrated along the water column at each time step and then
integrated over the year.
The mean annual air–sea CO2 exchange (Fig. 5a) exhibits a
remarkable spatial variability. It is strongly positive (CO2 sink into
the sea higher than 3 mol/m2/y) in the areas where the net pri-
mary production consumes DIC (northern and western coastal
strips), and only slightly positive in the open sea. A negative north
to south gradient due to the thermic effect (correlation between
maps of temperature and air–sea CO2 exchanges is −0.88, p-
level <0.005) combines with the gradient due to the biological
124 G. Cossarini et al. / Ecological Modelling 314 (2015) 118–134
Fig. 5. Mean annual carbon budget components: (a) air–sea ﬂux of CO2 (positive is sink of CO2 into the sea), (b) net carbon biological production (gross primary production
minus  community respiration), (c) transport of organic carbon, (d) transport of DIC, (e) benthic respiration, (f) burial ﬂux (negative is loss from the pelagic system; note that
the  colorbar is rescaled). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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ffect. Furthermore, because the solubility of CO2 is alkalinity-
ependent, the higher alkalinity values in the coastal northern
rea (Fig. B4) strengthen the coastal–offshore gradient of the atmo-
pheric air–sea CO2 exchange.
NPP is positive (i.e., consumption of DIC) over almost the entire
omain (Fig. 5b) with the highest values along the WAC  area. Only
n the central Adriatic Pit and in front of the southern part of the
AC  is NPP negative, due to the prevalence of respiration over pro-
uction. The newly formed carbon organic matter (positive values
n Fig. 5b) is mainly transported southward: the advection term of
he Corg equation (Fig. 5c) is negative, indicating an export ﬂux,
ithin the WAC, which is directed southward.
On the other hand, the transport term of the DIC equation
Fig. 5d) shows a more complex pattern than the Corg transport
erm. It is positive in a narrow strip along the northern coast and in
he central and eastern part of the domain, while it is negative in
he northern, in the far east and in the southern parts. The coastal
ositive area reﬂects the contribution of DIC from adjacent zones
nd from the river discharges, which veer westward due to the Cori-
lis force, whereas the northward advection of DIC-rich southern
aters causes the positive values in the central and eastern part.
he negative values account for the presence of a local surplus of
IC, which is exported. Sources of local DIC are the air–sea CO2
xchange and the NPP term in the northern and eastern areas and
n the southern area, respectively.
ig. 6. Evolution of CO2 air–sea exchanges (FCO2), gross primary production minus comm
f  DIC (TRDIC), bottom respiration (R) and burial (B) in the four selected locations indicateelling 314 (2015) 118–134 125
Finally, respiration at the bottom (Fig. 5e) shows a pattern that
reﬂects the sinking and accumulation of organic matter there: the
highest rates are simulated within the shallow western area. Burial
(Fig. 5f) represents a net loss of carbon from the pelagic system,
but it has a marginal importance, with the highest values only in
the western part of the domain, where the sinking of particulate
organic matter is relevant.
The simulated annual cycle of air–sea CO2 exchange (Fig. 6a)
indicates that all the selected points in the NAS are sinks of atmo-
spheric carbon for the greater part of the year (positive values
indicate a ﬂux from the atmosphere to the ocean). The simulated
uptake rate of atmospheric CO2 is higher within the WAC  (points a
and c in Fig. 1) than in the offshore area (points b and d in Fig. 1). It
is also higher in the northern area than in the southern one (point
a with respect to c, and point b with respect to d). The ﬁrst gradient
reﬂects the effect of the biological productivity (Fig. 5b), whereas
the second is due to the sensitivity of the solubility pump to the
latitudinal temperature gradient. Moreover, the southern points (c
and d) and the northern offshore point (b) act as source of CO2
during summer.
The transport of DIC and the transport of Corg at the four loca-
tions are generally negatively correlated, displaying the effect of
local transformation of DIC into organic carbon. Within the WAC
(points a and c) the contribution of transport to the temporal
variation of Corg is negative for the whole year, whereas TRDIC
unity respiration (NPP), transport term of organic carbon (TRCorg), transport term
d in Fig. 1.
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Fig. 7. Vertical sections showing the concentration of DIC (upper panels) and Corg (sum of POC, DOC and living organic particulate – lower panels) along the transect NN
(left)  and along the transect CC (right). Potential density contours overlay the concentration of carbon. The average data of February–March, and April–May are reported
for  the two sections, respectively. The arrows indicate the zonal-vertical component of the velocity (vertical velocities are ampliﬁed). The northward (cross) and southward
(dot)  velocities are reported for the absolute intervals 0–0.04 (small symbols) and >0.04 m/s  (large symbols). Velocity ﬁelds have been plotted sampling one every 5 and 3
points  on the horizontal and on the vertical direction, respectively.
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hanges from positive to negative during the period from February
o June, when the southward transport associated with dense water
revails.
Respiration at the bottom is important during summer and
utumn, mainly in the western part, when the accumulated organic
atter is used. Finally, burial has very little effect at the time scale
f the present simulation.
.3. Mechanism of carbon sequestration
.3.1. Transport of DIC and Corg across two zonal sections
In the previous section, we showed that several processes (i.e.,
he accumulation of organic carbon, the input of DIC from rivers and
tmosphere into the WAC  region, and the general cyclonic circu-
ation) generate a ﬂow of carbon from the shallow northern shelf
owards the southern Adriatic Sea. In this section, we show that
his southward ﬂow is associated with the downwelling transport
nduced by the spreading of dense water, which is produced in win-
er in the northern shelf and creeps southward as a submerged vein
eaning on the western slope in geostrophic equilibrium (Querin
t al., 2013). To verify the presence of this mechanism governing
he continental shelf pump in the NAS, we evaluated the trans-
ort across two sections, one on the continental shelf and the other
t the continental shelf break (Fig. 1). The results (Fig. 7) show
 core of dense water (identiﬁed by the isopycnal 1029.4 in the
N section) ﬂowing southward along the bottom of the western
ide during February–March. The core of dense water is enriched
n organic carbon, due to the high biological activity within the
AC  (Fig. 5). High values of DIC at the surface in the near shore
rea are due to the river input of DIC and to the respiration of
rganic matter locally produced and discharged by the northern
ivers.
The dense water spreads southward with a ﬂow rate of approx-
mately 0.1 Sv (105 m3/s; Querin et al., 2013) and a velocity of
pproximately 1◦/month. Almost 2 months later (in April–May)
he core of dense water crosses the CC section (Fig. 7), occupy-
ng its western and deepest part. The density has decreased to
029.2 kg/m3 because of mixing and entrainment with the adja-
ent water masses. In the western side of the CC section, a core
ith low values of DIC corresponds with a maximum of Corg, high-
ighting the predominance of primary production over respiration.
owever, water enriched in DIC in the central/bottom part of the
ection is the result of the respiration of the previously sunk organic
atter.
In section CC, the ﬂow ﬁeld depicts the typical Adriatic cyclonic
irculation (a southward current on the western side – indicated
y dots – and a northward current on the eastern side – indicated
y crosses) with the presence of local small-scale recirculation
atterns. Such a dynamic structure, along with the local gradient
n the concentration of Corg and DIC, determines a remarkable
ransport of carbon across the section in both directions. Never-
heless, the total ﬂux, computed on the 100 m – bottom layer for
he winter–spring period, results in a net southward transport
f 139 × 109 gC/d of DIC and 1.4 × 109 gC/d of Corg. The trans-
ort within this layer can be directly related to the spreading
nd downwelling of the dense water vein produced on the north-
rn shelf, which ﬂows below 100 m depth (Fig. 4 in Querin et al.,
013).
.3.2. Effect of winter climatic conditions
To test whether the efﬁciency of the continental shelf carbon
ump is modulated by the magnitude of the winter cooling in
he northern part, we compared the reference run with several
cenario simulations characterized by different winter conditions
Table 1). The results are shown in Fig. 8, where the variations of
everal aspects of the continental shelf carbon pump are plottedelling 314 (2015) 118–134 127
against the average temperature (x-axes of the plots) of the north-
ern Adriatic Sea for each of the selected scenarios. In particular, the
cold winter scenario (HF-) has a surface temperature of 9.2◦, which
corresponds to a decrease of approximately 1.1 ◦C with respect to
the 2008 run, whereas the warm scenario shows an increase of
1.0 ◦C.
The results indicate that the winter climatic conditions have
a relatively small impact on the biological processes: the NPP is
affected by −3% and +5% in the colder and warmer scenarios,
respectively (not shown). The greatest impact lies in the formation
of dense water and in the net transport processes. As a consequence
of the stronger cooling of the surface water in the colder scenario,
almost three times the volume of dense water (0.99 × 1012 m3 of
water denser than 29.2) is simulated in the HF scenario with respect
to the control run (0.336 × 1012 m3). Almost no dense water is
obtained in the case of a warm winter (Fig. 8a). The differences
in dense water formation cause a remarkable variation of the deep
carbon transport across the section CC. If we consider the mean
transport below 100 m depth, the cold winter scenario shows an
increase in the southern transport of DIC and organic carbon (+52%
and +44%, respectively). Conversely, an approximate 50% reduc-
tion in the transport of DIC and organic carbon is the result of the
warm winter scenario (grey bars in Fig. 8c and d). The magnitude
of the deep transport is strongly related to the amount of dense
water produced. Furthermore, in the warmer scenario a higher
amount of Corg and DIC remain in the upper part of the water col-
umn, where vertical mixing processes can easily bring back the
dissolved inorganic carbon to the surface, where it can eventually
outgas.
The air–sea CO2 exchange is also affected by the impact of
temperature on CO2 solubility. A mean variation of +1 ◦C for sur-
face water temperature causes a decrease of the atmospheric CO2
sink of 16% in the warmer scenario, with respect to the reference
simulation. Conversely, an increase of 12% in the CO2 solubility
pump is simulated in the colder scenario (Fig. 8b). Results of the
three climatic scenarios show an almost linear relation between
the efﬁciency of the continental shelf pump and the mean winter
temperature in the northern basin (dashed lines in Fig. 8).
The comparison of the reference simulation with the other sce-
narios (coloured bars in Fig. 8) indicates that the changes of the deep
carbon transport induced by the variation in river inputs or south-
ern boundaries are much smaller than the differences due to winter
cooling (Fig. 8c and d). Therefore, our results can be considered
robust with respect to the uncertainties in the parameterization of
these factors.
On the other hand, the air–sea CO2 ﬂuxes show comparable vari-
ability among the different scenarios (blue, green and grey bars
in Fig. 8b). Further, the simulations also show the importance of
biological processes in determining the magnitude of the air–sea
CO2 ﬂux (red bar in Fig. 8b). Biological processes transfer carbon
from the inorganic to the organic compartments, decreasing the
value of pCO2. Obviously, a complete switch-off of the biological
process is not a realistic scenario, but it provides an assessment of
the importance of the biological component in the carbon seques-
tration process (Melaku Canu et al., 2015).
The biological contribution to the air–sea exchange reaches the
value of 1.7 mmolC/m2/d on an annual basis and it is far larger than
the effect due to climatic conditions. However, if we  consider the
carbon transport bounded to the dense water spreading, the effect
of biological processes on DIC transport is negligible. Conversely,
the entire Corg transport is related to existence of the biological
processes (red bar in Fig. 8d), but this latter ﬂux is signiﬁcantly
smaller than the one related to DIC. This result highlights how the
efﬁciency of carbon sequestration in the deep ocean is mainly con-
trolled by dense water formation and transport, which is modulated
by winter heat loss.
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Fig. 8. Winter–spring dense water volume (a), annual air sea CO2 exchange in the NAS (b), and southward ﬂow of DIC (c) and of organic carbon (d) across the deep layer
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ars)  with respect to Run2008. Average surface temperature of these scenarios is t
he  reader is referred to the web  version of this article.)
. Discussion
The simulated annual net CO2 exchange indicates that the
AS is, in general, a sink of atmospheric carbon, with a mean
nnual CO2 exchange rate equal to 2.9 mmolC/m2/d, thereby indi-
ating that the NAS is less efﬁcient (in terms of carbon uptake)
han the temperate marginal seas (5.04 mmolC/m2/d; Borges et al.,
005) or the meso/eutrophic temperate continental shelf provinces
5.5 mmolC/m2/d; Cai et al., 2006).
On an annual basis, the northern Adriatic Sea captures
.46 TgC/y, indicating that it is an atmospheric CO2 sink hot spot
n the Mediterranean Sea. In fact, with a surface area of 3663 km2ge surface temperature (x-axes) of the three different climatic scenarios: HF−, HF+
 other scenarios (names in the legend) are plotted as anomalies (coloured vertical
e of Run2008. (For interpretation of the references to colour in this ﬁgure legend,
(0.15% of the Mediterranean Sea surface), the CO2 sink rate of
the NAS is a substantial fraction of the estimated CO2 sink rate
of the whole Mediterranean Sea, which ranges from 0.24 TgC/y
(d’Ortenzio et al., 2008) to 4.8 TgC/y (Melaku Canu et al., 2015)
and 4.2–22.2 TgC/y (Copin-Montégut, 1993). Our results also show
that, despite the rather small size of the basin, the CO2 ﬂux is char-
acterized by a high spatial and temporal variability, with strong
south–north and onshore–offshore gradients and a remarkable sea-
sonal modulation.
The latitudinal gradient of CO2 ﬂux found in our results is
conﬁrmed by the few estimates available for the area. In partic-
ular, for the NAS, a sinking value of 1.0 molC/m2/y is reported by
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atalano et al. (2014) for winter conditions and an annual sink of
–3 molC/m2/y was estimated for the northeastern part of the NAS
Turk et al., 2010). For the largest part of the southern Adriatic Sea,
stimates in the range of (−0.25) – 0 molC/m2/y (d’Ortenzio et al.,
008) conﬁrm the north-to-south negative gradient of the air–sea
O2 ﬂux along the Adriatic Sea.
A signiﬁcant temporal variability is reported by our model
esults (the average range of variability of the annual cycle
s 12.2 mmol/m2/d over the whole NAS) as a direct conse-
uence of the temperature annual cycle. Very similar ranges
f temporal variability are reported by Turk et al. (2010) for
he upper end of NAS (from 0.9 ± 9.7 mmol/m2/d to 12.1 ±
4.2 mmol/m2/d, for August–November 2007 and April–August
008, respectively).
Focusing on the shelf carbon pump mechanism, our results show
hat the highest CO2 sequestration rate is simulated within the WAC
egion, where a great amount of CO2 is transformed into organic
arbon by biological processes (Figs. 5 and 6). This view of the
AS as a net productive area is consistent with the results of the
udget analysis proposed by Catalano et al. (2014). Then, the typ-
cal cyclonic circulation of the Adriatic Sea and the winter–spring
ownwelling of dense water result in a transport of carbon into
he deeper layers. When the sunk and downwelled organic carbon
s respired and mineralized within the deeper layers of the water
olumn of the southern Adriatic Sea, it contributes to create a local
ondition of oversaturation of DIC in the deepest layers, as typi-
ally observed in the open ocean (Carlson et al., 2001; Sarmiento
nd Gruber, 2006) and in the deep water of the Ionian and Mediter-
anean Seas (Schneider et al., 2007; Touratier and Goyet, 2011).
n our simulation, the water mass that crosses the CC section and
inks in the southern Adriatic pit is very dense (Querin et al., 2013)
nd it is characterized by high concentrations of DIC (e.g., the high
oncentration observed in the deep part of the section CC in Fig. 7).
hen the northern Adriatic dense water reaches the southern Adri-
tic pit, it contributes to the formation of the core of the deep water
utﬂow current (DWOC), in agreement with the anti-estuarine cir-
ulation of the Adriatic Sea (Gacˇic´ et al., 2001). After crossing the
tranto Strait, the DWOC fuels the Mediterranean thermohaline
ell. Therefore, the deep southern Adriatic water has a relevant
ole in the long-term sequestration of carbon from the atmosphere.
he DWOC is essentially baroclinic and depends on the integrated
eep water production over the entire Adriatic Sea in winter (Gacˇic´
t al., 2001). Thus, winter weather conditions control the continen-
al carbon pump in the NAS and, most important, the amount of
arbon-rich dense water that accumulates in the southern Adriatic
it and that can be advected to the deeper layers of the Mediter-
anean Sea.
The scenario simulations show how the amount of this transport
epends on the extent of winter cooling on the northern continental
helf. Querin et al. (2013) report the effect of the water transport in
peciﬁc years with normal (winter 2007/2008) and relatively warm
winter 2006/2007) winter conditions. In particular, it is shown
hat during years characterized by warm winter conditions (e.g.,
006/2007) the dense water vein remains in the intermediate layer
ithout reaching the deepest areas of the southern pit. In our sim-
lations, this feature corresponds to the decreased deep transport
f carbon observed in the HF+ scenario. As a consequence, a large
mount of the organic carbon remains in the upper part of the water
olumn, where it is prone to mixing processes with the surface
ayers.
Our results show that the estimate of air–sea CO2 exchange can
e affected by large variability due to multiple factors: the winter
ooling variability, the effect of biological processes and the uncer-
ainty associated with the model setup (boundaries and river input
f carbonate system state variables). Conversely, the latter factors
nly marginally impacts the deep southward transport of carbon,elling 314 (2015) 118–134 129
strengthening the view of a process mainly controlled by the winter
atmospheric conditions.
5. Conclusions
In this study, the carbon cycle in the northern Adriatic Sea, a
marginal subbasin of the Mediterranean Sea, is investigated using
a coupled hydrodynamic–biogeochemical model.
The simulations show that the northern Adriatic Sea is a net sink
for atmospheric CO2 with a mean annual uptake of 2.9 mmol/m2/d.
However, the dynamics of the carbonate system are complex, and
the spatial and temporal variability is remarkable. The air–sea
exchange is the result of the balance of several drivers: the
temperature-dependent solubility pump, the biological carbon
pump (induced by fertilization from the northern terrestrial input)
and the transport induced by basin-scale circulation.
The efﬁciency of carbon sequestration into the deep layers is
mainly controlled by the winter cooling on the northern Adriatic
shelf, which modulates the amount of dense water formed on the
shelf. The dense water entraps carbon, in both particulate organic
and dissolved inorganic forms, during its spreading and sinking
towards the southern Adriatic pit. Although the uncertainties in the
model setup regarding river inputs and open boundary conditions
persist, it has been shown that the wintertime variability plays the
most relevant role in controlling the transport and sequestration of
carbon into the deepest layers of the southern Adriatic Sea.
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Appendix A. Carbonate system module of the
biogeochemical model
Cossarini and Solidoro (2008) report the formulation of the
equations of 10 state biogeochemical variables: small phy-
toplankton (phy1), diatom (phy2), microzooplankton (zoo1),
mesozooplankton (zoo2), bacteria (bac), dissolved organic carbon
(DOC) and phosphorus (DOP), particulate organic carbon (POC) and
phosphorus (POP), among with the full list of parameter values. The
upgrade of the original model by Cossarini and Solidoro (2008) with
a carbonate system module requires two  new state variables: dis-
solved inorganic carbon (DIC) and alkalinity (Alk). In the coupled
hydrodynamic-biogeochemical model, these two new variables are
treated as two additional tracers subject to advection and diffusion
(ﬁrst three terms of Eq. (1)). No sinking is prescribed for DIC and
Alk and the biogeochemical part (ﬁfth term of Eq. (1)) is given by
the following equations:
dDIC
dt
∣∣∣
bio
= NPPphy1 + NPPphy2 + RRbac + FCO2 (A.1)
dAlk
dt
∣∣∣
bio
= −rap dDIC
dt
∣∣∣
bio
(A.2)
where NPP represents the net primary production (gross primary
production minus respiration) of the two  phytoplankton groups
and RRbac represents to the respiration term of bacteria. The for-
mulation of these terms, expressed in mmol/m3/d, is described in
Cossarini and Solidoro (2008). The term FCO2 represents the air–sea
CO2 exchange, which is computed by multiplying the gas transfer
coefﬁcient, Kg, by the difference between the CO2 partial pressure in
the atmosphere (pCO2a) and in the seawater surface layer (pCO2o):
FCO2 = Kg(pCO2a − pCO2o) (A.3)
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n  offshore area (Zone11, lower plots). Horizontal lines show the range mean ± st
nd  the average proﬁles collected during the Sesame 2008 campaigns (obs08) are a
he gas transfer coefﬁcient is computed following Wanninkhof
1992), the partial pressure of CO2 in sea water is obtained as a
unction of DIC, Alk, DIP, temperature, salinity and climatological
ilicate, following the MITgcm formulation reported in Follows et al.
2006), while pCO2a is prescribed as a boundary condition (Section
.2).
The rate of change of alkalinity (A.2) accounts for the uptake
f nutrient ions by biological cells. Because the only nutrient in the
odel is phosphorus, its rate of change is multiplied by a coefﬁcient
rap = 21.8 molALK/molP) that accounts for the contribution of all
he nutrients (Wolf-Gladrow et al., 2007).
ppendix B. Model validation
The present appendix reports the quantitative comparison
etween model results and the available datasets.
.1. Variability of dissolved inorganic and organic phosphorus
Adopting the spatial subdivision proposed by Solidoro et al.
2009), model results for dissolved inorganic phosphorus (DIP) are
ompared with climatological proﬁles (Solidoro et al., 2009) for
oth the coastal and the offshore areas (Fig. B1) and with additional
roﬁles from the 2008 Sesame dataset (http://isramar.ocean.org.il/
ERSEUS Data). The coastal and offshore areas refer to the subdivi-
ion into Zone 5 and Zone 11 adopted in Solidoro et al. (2009), which
orrespond to the surroundings of points a and b in Fig. 1, respec-
ively. The model satisfactorily simulates the surface seasonal cycle
n the coastal eutrophic strip, and the difference between coastal
nd offshore areas (Fig. B1). Simulated coastal values in winter, for
he surface layer, and in spring, for the bottom layer, are slightly
nderestimated. At the surface, the model underestimation is most
ikely caused by overly fast nutrient uptake kinetics, while bottom shallow coastal area inﬂuenced by the Po river discharge (Zone5, upper plots) and
 deviation for both observations and model results. Climatological proﬁles (clim)
ported.
underestimation is due to a delay in mineralization and nutrient
accumulation, which are simulated at the bottom in summer.
Despite the low values of DIP during summer, fertilization
depends also on the rapid recycling of DOP, which represents a
large reservoir of phosphorus and whose values are even higher
than those of phosphate (Table B1). Simulated values of DOP lie in
the same range as the observed ones in all the areas (Table B1).
Nonetheless, the remarkable variability of observed data does
not allow a thorough and reliable comparison, especially when
addressing the seasonal variability along the water column.
B.2. Chlorophyll-a variability
Together with the quantitative comparison reported in Fig. 4, the
Figs. B2 and B3 complete the validation of modelled chlorophyll-a.
Simulated seasonal vertical proﬁles (Fig. B2) are, in general, weakly
stratiﬁed, given the overall limited depth of the NAS. They are con-
sistent with both the climatological and the Sesame data for both
coastal and offshore areas. Values up to 2–4 mg/m3 are simulated
and observed along the coast, whereas the offshore areas are char-
acterized by mean values always lower than 1 mg/m3. The seasonal
cycle is well reproduced. The chlorophyll-a-rich strip along the Ital-
ian coast, which is a permanent feature that has been observed both
in satellite (Barale et al., 2005; Volpe et al., 2012) and in situ data
(Solidoro et al., 2009; Zavatarelli et al., 1998) is reproduced quite
well by the model (Fig. B3).
B.3. Primary and secondary production dynamicsA comparison of modelled primary production and bacterial
carbon production against the available estimates is reported in
Table B2. The model reproduces fairly well the main observed
spatial gradient, from the eutrophic western coastal strip to the
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Table  B1
Comparison between the simulated concentration of DOP and the available data. (1) sampling stations along Po-Rovinj section in Fig. 4 of Ivancˇic´ et al. (2010a), (2) sampling
stations  along Po-Rovinj section in Fig. 3 of Ivancˇic´ et al. (2010b), (3) sampling in February–March 1997, Cozzi et al. (2002); (4) data from the PRISMA project, Lipizer et al.
(1997).
Area Depth Model Observations Type of data Refs
Period Median Min–max Values
NAS Surf Sum 0.07 0.04–0.16 0.05–0.1 Min–max range (1)
NAS  Surf Aut 0.05 0.03–0.26 0.1–0.4 Min–max range (1)
NAS,  western Surf Aut–Win 0.08 0.04–0.26 0.3–0.4 Min–max range (2)
NAS,  western Bottom Aut–Win 0.05 0.03–0.16 0.2–0.5 Min–max range (2)
NAS,  western Bottom Sum 0.09 0.06–0.16 0.1–0.2 Min–max range (2)
NAS,  western Bottom Sum 0.05 0.04–0.13 0.1–0.3 Min–max range (2)
NAS  Whole column Win 0.08 0.05–0.14 0.085 (0.005–0.2) Mean (min–max) (3)
NAS  Whole column Annual 0.1 0.04–0.38 0.13 Mean (4)
Fig. B2. Same as Fig. B1 for Chlorophyll-a.
Table B2
Primary production and bacterial carbon production simulated by the model and estimates from observations in selected areas of the northern Adriatic Sea: (1) Pugnetti
et  al. (2006), (2) Giordani et al. (2002), (3) Zoppini et al. (1995), (4) Degobbis et al. (1986) reported by Giordani et al. (2002), (5) Catalano et al. (2014) and (6) Del Negro et al.
(2008).
Primary production Model Observations
mg/m2/d Mean ± std Range Data Type of data Refs
Coastal area 366 ± 137 102–755 356–575 Range annual values (1)
591.8  Mean 20–40 m depth (2)
410.9  Mean 40 m depth
Offshore area 210 ± 77 68–346 329 Mean (3)
164–246 Range annual values (1)
172.6–284.9 Range (4)
Whole NAS winter value 244 ± 95 204 Estimated mean value (5)
Bacterial carbon production Model Observations
g/l/h Median IQR Data Type Refs
Coastal area 0.40 0.11–0.67 0.5 (0.10–1.0) Median (range IQ) (6)
1.15 (0.4–6.0)* (*nearshore point)
Offshore area 0.07 0.03–0.19 0.125 (0–0.8)<0.01 (0–0.4) Median (range IQ) (6)
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Fig. B3. Monthly mean maps of surface chlorophyll-a derived from the model simulation (a, c and e) and from MODIS satellite data (b, d and f), for selected months of 2008.
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Fig. B4. Maps of mean annual surface concentration of (a) DIC and (b) alkalinity simulated by the model. The mean values of the Sesame dataset are indicated by the coloured
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ffshore area, for both biological processes. Model values are gen-
rally within the range of the observed values.
.4. Carbonate system variables
Fig. B4 shows the mean annual maps of DIC and alkalinity and
he values obtained by the average of the Sesame data collected
uring two cruises: in February and October 2008 (coloured dots).
The Taylor diagram completes the comparison assessing some
tatistical skill indexes in correspondence of the two  Sesame
onthly cruises. The mean annual modelled alkalinity follows the
attern outlined by the observations. The input from the Po and
ther northern rivers maintains a gradient from north to south and
ne from coastal to offshore areas. Quantitatively, model results
re consistent with the observations of the two cruises: corre-
ation of approximately 0.6 and normalized RMS  lower than 0.8
Fig. B4c). The model reproduces qualitatively the values of DIC,
ut shows less spatial variability than the observations and a pos-
ible underestimation of the values in the northern coastal region
low standard deviation and high bias values in the Taylor diagram).
odel errors could be partly related to a possible underestimation
f important respiration processes of the organic loads supplied by
he rivers.
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